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PREFACE 


Since  the  development  of  the  science  of  servomechanisms  in  World 
War  II,  biologists  have  been  challenged  to  see  the  analogies  between 
servomechanisms  and  homeostasis  and  to  reduce  their  descriptive  analysis 
of  hoeostasis  to  a set  of  explicit  numerical  expressions  (a  model). 

This  laboratory  has  been  dedicated  to  understanding  the  respiratory 
regulation  of  carbon  dioxide  and  oxygen  on  an  informational  basis;  that 
is,  we  seek  to  avoid  getting  lost  in  the  intrigues  of  anatomy  and  mem- 
brane biophysics  until  we  understand  more  precisely  how  decisions  are 
made  by  the  various  control  loops  (reflexes). 

In  seeking  this  goal  we  have  developed  specific  powerful  techniques 
which  allow  us  to  study  the  deterministic  responses  of  the  respiratory 
system  to  subtle  changes.  From  open-loop  studies,  in  which  we  control 
the  concentration  of  C02  in  the  lung  independent  of  the  birds  ventila- 
tory movements,  we  have  learned  that  the  respiratory  system  is  sensitive 
to  small  oscillations  in  C02  concentration  and  that  breathing  will  lock 
onto  the  period  of  artificially  induced  C02  oscillations.  Closed-loop 
studies,  in  which  we  use  the  bird's  ventilation  as  feedback  to  control 
the  carbon  dioxide  concentration  in  the  lung,  strongly  suggest  that  the 
oscillations  of  C02  produced  by  ventilation  are  the  major  determinant  of 
the  respiratory  period. 

The  existence  of  intrapulmonary  C02  sensitive  receptors  (IPC)  in  the 
avian  lungs  is  particularly  fortuitous  because  the  messages  we  code  in 
the  dynamic  changes  in  CO  . concentration  are  quickly  sensed  and  acted 
upon  by  the  bird.  Distortion  of  the  message  by  transmission  through  the 
blood  is  thereby  avoided.  We  have  developed  a technique  for  selectively 
blocking  these  intrapulmonary  CO  ■ sensitive  receptors  with  a small  pulse 
of  SO^,  an  action  which  is  rapid  and  reversible.  We  have  learned  that 
intrapulmonary  C02  sensitive  receptors:  (l)  contribute  to  the  ventila- 

tory drive,  (2)  mediate  the  C02  pacing  phenomenon,  and  (3)  are  important 
to  the  stability  of  the  regulation  of  C02  concentration. 

This  laboratory  has  developed  methods  by  which  ventilatory  control 
can  be  studied  by  subtly  manipulating  parameters  which  are  normally 
altered  by  the  act  of  ventilation.  The  control  systems  are  therefore 
left  intact  and  the  techniques  provide  information  about  how  the  systems 
operate  under  normal  conditions.  This  would  appear  to  be  the  best  way 
to  set  about  understanding  a control  system. 


We  are  deeply  indebted  to  the  Office  of  Naval  Research  for  its 
early  continuous  support  and  considerate  administration  of  this  project. 
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ACCOMPLISHMENTS 


The  following  is  a list  of  the  major  achievements  of  this  laboratory 
group  during  this  granting  period.  Rather  than  describing  each  in  de- 
tail, we  have  (when  applicable)  shown  a figure  illustrating  the  phenome- 
non and  sited  references  where  more  information  can  be  obtained. 

1.  A surgical  procedure"  has  been  developed  for  producing  an  awake, 
upright,  intact,  unidirectionally  ventilated  preparation  in  which  alveolar 
gas  concentrations  can  be  rapidly  changed.  The  essence  of  the  unidirec- 
tionally ventilated  chicken  preparation  is  that  using  a high  flow  rate  of 
the  gas  in  the  lung,  the  pulmonary  gas  is  forced  to  follow  the  C02  concen- 
tration of  the  insufflated  gas.  (See  Fig.  1.) 

2.  An  electro-pneumatic  transducer'  was  developed  to  produce  a time- 
prescribed  C02  concentration  signal  in  the  inspiratory  gas.  This  C02 
signal  is  modulated  by  an  electrical  information  signal,  like  from  a sig- 
nal generator. 

Many  revisions  have  made  this  system  capable  of  producing  indepen- 
dent concentration  signals  for  CO-  and  0-  in  a gas  stream  of  constant 
volume  flow  and  pressure.  (See  Fig.  2.) 

3.  Improvements  have  been  made  in  methods  for  control  of  humidity14 
of  the  insufflated  gas.  The  bird  is  very  sensitive  to  the  drying  of  air- 
ways because  the  air  flow  in  this  preparation  is  ten  times  resting  minute 
ventilation.  The  humidification  technique  eliminates  the  need  for  addi- 
tional dead  space  by  atomizing  water  into  the  air  stream. 

4.  A simple  technique  for  regulating  the  temperature  of  inspiratory 
gas  was  devised.  The  bird  is  extremely  dependent  upon  ventilation  as  an 
avenue  for  heat  loss  since  its  feathers  are  a very  effective  insulator. 
Heat  was  added  to  the  gas  stream  by  running  a low  voltage  current  through 
a twelve  ohm  twenty-five  watt  electrical  resistor.  The  temperature  of 
the  gas  at  the  trachea' s entrance  was  monitored  by  a thermister.  Since 
the  gas  flow  was  kept  constant,  the  current  through  the  resistor  could 

be  easily  adjusted  to  produce  the  gas  temperature  desired.  The  addition 
of  heat  also  prevented  condensation  of  water  in  the  tubing. 

5.  A plethysmographic  technique  has  been  developed  which  uses  a 
calibrated  leak  to  allow  measurement  of  rate  and  volume  of  respiratory 
movements  while  eliminating  the  troublesome  effects  of  temperature  and 
pressure  changes  or  inboard  gas  leaks  from  the  preparation. 

6.  Open-loop  transients'  of  the  ventilatory  response  to  a step 
change  in  C02  concentration  show  an  initial  proportional  crescendo  with 
a time  constant  of  12  seconds.  (Lee  Figs.  3 and  4.) 
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a.  The  fact  that  there  is  no  overshoot  in  the  transient 
response  speaks  against  the  presence  of  a strong  derivative  com- 
ponent in  the  respiratory  cycle. 

b.  The  response  of  ventilation  to  ramp  functions  indicates 
the  absence  of  a strong  derivative  component. 

7.  Open-loop  steady  state  analysis1  show  the  following: 

a.  The  response  of  an  awake,  upright  preparation  differs 
from  the  anesthetized,  open-chested,  supine  chicken  preparation 
reported  by  Fedde.  The  awake  chickens  do  not  tolerate  CO2  concen- 
trations above  7 1o  while  anesthetized  ones  tolerated  up  to  20 % COo. 
Likewise,  the  sensitivity  of  awake  chickens  to  C02  is  greater  than 
that  of  anesthetized  ones. 

b.  Bode  plots  of  responses  to  sinusoidal  CO^  oscillations 

of  varying  frequency  at  constant  amplitude  and  mean  CO  > level  show 
progressive  diminution  of  respiratory  envelope  oscillations  at 
higher  frequencies  in  constrast  to  the  predictions  of  rate  con- 
trol. (See  Figs.  5 'ind  6.) 

c.  Phase  plots  done  on  several  chickens  agree  well  with  the 
time  constant  prediction  from  the  step  responses. 

8.  An  externally  closed-loop  preparation  - was  developed.  The 
respiratory  control  loop  was  externally  closed  through  an  analog  comput- 
er. (See  Fig.  7.)  The  chicken's  respiratory  movements  effect  the 
alveolar  C0-,  via  the  algorithm: 

% CO,-,  r / (Q  - K Vj)  dt 

where  i analog  of  the  C0-,  production, 

C & K proportionality  constants, 

Vj  inspiratory  flow. 

a.  The  closed-loop  preparation  is  important  because: 

(l'i  It  helps  preserve  homeostatic  mechanisms,  such  as 
those  for  C0-,  and  acid-base  balance. 

(2)  It  allows  manipulation  of  an  analog  of  the  venous 
CO  load  which  otherwise  would  be  difficult. 

(3)  It  allows  comparison  of  the  transfer  function  of 
the  biological  component  in  and  out  of  the  loop. 

(4)  It  can  provide  a method  of  investigating  whether 
the  respiratory  controller  con  learn  or  adapt. 
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b.  The  closed-loop  preparations  showed'1  : 

(1)  The  system  seeks  a stable  equilibrium  in  which  the 
alveolar  COp  fluctuates  about  a constant  mean  value. 

(2)  Temporarily  elevating  the  alveolar  CO  above  this 
normal  mean  value  caused  the  chicken  to  breathe  faster  and 
deeper,  returning  his  alveolar  C0-.  to  its  previous  level. 

(See  Fig.  8. ) 

(3)  If  the  alveolar  CO-  was  temporarily  lowered,  the 
chicken  would  breathe  slower  and  less  deeply,  returning  the 
alveolar  CO  > to  the  equilibrium  level. 

(4)  The  regulated  equilibrium  level  of  alveolar  C0-?  was 
dependent  on  the  CO'  load.  (See  Fig.  9*)  (The  CO  load  in 
this  preparation  represents  metabolically-produced  CO  that 
must  be  equal  to  the  CO  exhaled  for  the  steady  state  CO 
level  to  be  maintained.  The  00p  load  was  simulated  by  the 
analog  computer.)  The  possibility  of  integral  control  is  re- 
futed by  the  presence  of  offset  error. 

9.  It  was  found  that  oscillations  of  alveolar  CO  would  be  used  to 
pace  breathing. 

a.  Pacing  can  be  accomplished  in  open-loop  preparation  via  an 
input  COp  ripple  about  a mean  value.  (See  Fig.  10.) 

b.  The  range  of  frequencies  for  which  entrainment  is  possible 
is  two  octaves  for  any  given  mean  CO  value. 

c.  The  amplitude  of  the  oscillations  was  unimportant  as  long 
as  it  was  above  threshold.  (See  Fig.  11. ) 

d.  Kntraininent  of  breathing  continued  on  a one-to-one  oscilla- 
tion-to-breatli  correspondence  through  frequency  modulations  of  the 
C0-.  oscillations.  (See  Fig.  iO. ) 

e.  Pacing  was  also  possible  in  the  closed-loop  preparation  by 
adding  an  oscillatory  disturbance  of  C0r>.  (See  Fig.  12.) 

f.  Phasing  of  respiratory  movements  with  the  CO-  oscillations 
in  the  closed-loop  case  was  such  that  the  combined  effect  was  to 
maximize  alveolar  oscillations.  (See  Fig.  12. ) 

10.  Delays  in  the  externally  closed-loop  preparation'  of  number  8 
have  the  following  effects: 

a.  A six-second  delay  causes  periodic  sinusoidal  oscillations 
in  mean  CO-  and  respiratory  movements.  (See  Fig.  13.) 
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b.  An  eight-second  delay  causes  frank  Cheyne-Stokes  respira- 
tion. (See  Fig.  l4. ) 

11.  The  chicken' s respiratory  system  appears  to  be  sensitive  to 
two  frequency  bands  of  C02  oscillations,  very  slow  changes  (the  mean 
COt)  and  the  frequency  of  breathing.  AC  coupling  allows  the  higher 
frequency  oscillation  information  to  be  fed  back  into  the  system  while 
filtering  out  the  low  frequency  changes  in  mean  C02.  (See  Fig.  15. ) 

Thus  the  C02(t)  has  a ripple  with  each  breath  but  the  mean  C02  over  a 
5-10  second  interval  remains  constant.  This  technique  with  a delay  in 
the  feedback  loop  has  led  to  the  following  discoveries.  (See  Fig.  16.) 

a.  Delays  less  than  the  initial  period  of  respiration  (with 
no  delay)  lengthens  the  respiratory  period  a corresponding  amount; 
i.e.,  a one-second  delay  lengthens  the  respiratory  period  one 
second. 

b.  A delay  slightly  greater  than  the  initial  period  reverts 
the  period  to  its  original  duration. 

c.  Increasing  the  delay  further  lengthens  the  respiratory 
period  by  only  one-half  the  length  of  the  delay;  i.e.,  a two-second 
increase  in  the  delay  time  only  increases  the  period  one  second. 

d.  This  continues  until  the  period  becomes  slowed  to  twice 
the  initial  period  when  the  period  again  reverts  to  the  duration  of 
the  initial  period. 

e.  A further  increase  in  the  delay  increases  the  period  by  an 
amount  only  one-third  the  amount  of  the  delay;  i.e.,  a three-second 
increase  in  the  delay  yields  only  a one-second  increase  in  the 
period. 

12.  Modelling  of  the  effect  of  delay  on  respiratory  period  sug- 
gests1 : 

a.  The  phenomenon  is  essentially  the  interplay  of  two  events, 
the  beginning  of  the  inspiratory  movement,  and  the  beginning  of 
lowering  the  % C02.  (Respectively  B (or  5)  and  C (or  2). 

B ->  C ->  B -*  C . . . 

b.  The  interval  B-C  is  the  external  interval  composed  of  a 
mechanical  delay  of  0.4  seconds  and  a computer  delay  we  can  change 
from  0 to  10  seconds. 

c.  The  interval  C-B  is  the  intrinsic  delay  within  the  chicken. 
It  is  equal  to  the  respiratory  period  with  zero  delay. 

d.  Increasing  the  B-C  interval  directly  increases  period. 

When  the  B-C  interval  becomes  longer  than  the  C-B  interval  a spon- 
taneous B causes  a second  sequence  which  is  interlocked  with  the 

5 


w 


first.  This  accounts  for  the  sudden  halving  of  the  respiratory 
period.  (fee  Kip:.  17.) 

e.  We  conclude  tliat  this  mechanism  results  from  the  action 
of  a respiratory  oscillator  which  functions  during  normal  breathing 
in  the  chicken.  This  oscillator  consists  of  on  information  loop 
running  from  the  brain  to  the  respiratory  musculature.  I owered 
CO-  (resulting  from  inspiration)  is  detected  by  the  C02  receptors 
in  the  lung;  this  retriggers  the  brain  to  cause  another  breath. 

(See  Fig.  18. ) 

13.  A second  stable  feedback  algorithm1"  was  invented  wiiich  made 
the  effect  of  the  depth  of  breathing  an  all-or-none  phenomenon.  The 
algorithm  was: 

t C02  c f (Q  - K fe)  dt 

% CO-  CO-  in  the  insufflated  gas 

C & K - proportionality  constants 

Q the  analog  of  CO-  produced 

fe  the  frequency  of  effective  (super  threshold)  breaths 
(i.e.,  each  breath  greater  than  a certain  threshold 
volume).  This  threshold  volume  triggers  a lowering 
of  CO-  a fixed  amount  K. 

This  study  revealed  the  following: 

a.  There  was  a range  of  Qy  CO-'s  in  which  the  bird  could  fre- 
quency modulate  to  obtain  a stable  steady  state  C02,  (See  Fig.  19. ) 

b.  A stable  CO-  could  not  be  maintained  above  this  range. 

c.  A second  mechanism  was  utilized  below  this  range,  that  of 
taking  ineffective,  subthreshold  breaths. 

d.  Stability  is  dependent  upon  a short  reaction  time  between 
CO-  sensing  and  adjustment  of  tidal  volume  and  frequency.  This  is 
almost  certainly  due  to  the  peripheral  CO-  receptors  in  the  lung 
rather  than  central  receptors  in  the  brain  or  spinal  fluid. 

14.  R.  M.  Weissberg'  investigated  the  effects  of  dynamic  changes 
of  pulmonary  C02  on  tidal  volume  in  the  unidirectionally  ventilated  avian 
preparation.  Using  a-c  coupling,  he  produced  feedback  control  of  C02 
concentration  while  producing  fast  CO-  concentration  changes  at  different 
phases  in  the  respiratory  cycle. 

a.  Comparisons  between  an  oscillatory  and  non-oscillatory 
CO-  signal  (at  the  same  mean  C02)  showed  both  tidal  volume  and 
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period  decreased  as  a result  of  the  C02  oscillations,  (fee 
Fig.  20.) 


b.  When  a 2 percent  (decreasing)  C0-»  step  was  moved  through 
a respiratory  cycle,  the  bird's  tidal  volume  decreased  and  its 
respiratory  period  increased.  The  respiratory  pattern  varied  so 
much  with  step  changes , that  careful  and  systematic  moving  of 
the  downstep  into  the  cycle  did  not  appear  to  be  practical. 

c.  When  a 2 percent  increasing  step  was  moved  through  a 
respiratory  cycle,  tidal  volume  varied  with  where  in  the  cycle  the 
upstep  occurred.  The  maximum  effect  on  tidal  volume  resulted  when 
the  upstep  came  in  mid-expiration.  Three  different  models  were 
presented  to  possibly  reconcile  this  phenomenon: 

(1)  Derivative  sampling  of  C02  during  a fixed  part  of 
the  respiratory  cycle. 

(2)  Sampling  of  mean  C02  during  a fixed  part  of  the 
respiratory  cycle. 

(3)  The  clipping  effect  due  to  a nonlinear  property  of 
the  C02  receptor. 

These  results  support  the  hypothesis  that  dynamic  behavjor  of  pul- 
monary C02  effect  tidal  volume. 

15.  D.  A.  Killer] 1 investigated  the  avian  respiratory  control  sys- 
tem for  regulation  of  C02  by  changing  the  algorithm  of  the  computer  com- 
ponent in  the  feedback  loop. 

a.  A change  in  the  gain  of  the  plant  component  does  not  result 
in  a proportional  change  of  the  open-loop  gain  of  the  system.  This 
suggests  that  there  is  a provision  for  automatic  gain  control.  Auto- 
matic gain  control  might  be  important  in  some  pulmonary  diseases 
where  the  effectiveness  of  ventilation  in  eliminating  Co2  is  de- 
creased. 

b.  Changing  the  gain  of  the  plant  does  not,  however,  signifi- 
cantly change  the  intercept  of  the  ventilation  vs.  mean  C02  curve 
(i.e. , the  apneic  level  of  mean  C02).  This  intercept  is  directly 
related  to  the  set  point  of  a negative  feedback  regulator. 

c.  The  biological  "controlling  system"  is  surprisingly  linear. 
Data  of  ventilation  vs.  forced  C02  disturbance  and  of  mean  C02 

vs.  forced  C02  disturbance  fall  in  straight  lines.  The  latter  plot 
allows  ietemination  of  the  respiratory  system  open-loop  gain. 

This  measure  describes  the  effectiveness  of  C02  regulation  in  the 
presence  of  metabolic  disturbances.  The  relatively  decreased  noise 
on  the  ventilation  vs.  mean  C0->  response  curve  compared  to  the 
noise  on  the  rate  and  tidal  volume  vs.  mean  CO  response  curves 
infers  that  ventilation  is  the  central  output  variable  rather  than 
independently  generated  values  of  rate  and  tidal  volume. 
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cl.  The  sensitivity  of  the  respiratory  controlling  system  is 
a function  of  the  CO.  oscillation  amplitude  , at  the  same  mean  CO  > 
larger  COp  oscillations  have  an  inhibitory  effect  upon  ventilation. 
The  results  for  very  small  C02  oscillations  approaching  the  static 
case  demonstrate  that  the  dynamic  and  the  static  characteristics 
of  the  respiratory  controlling  system  are  quite  different.  (See 
Fig.  21.) 

16.  In  the  closed-loop  preparation  with  $ C02  held  constant,  the 
feedback  algorithm  controls .the  0 concentration.  Without  breathing  the 
1o  03  drifts  down  at  a rate  Q (the  computer  analog  of  rate  of  03  con- 
sumption). With  each  inspiration  % Op  is  raised  an  increment  proportion- 
al to  the  tidal  volume  of  the  breath.  It  was  found  that: 

a.  At  low  Q values  this  was  a stable  closed-loop  system, 
which  regulated  pulmonary  % Op  at  about  20  volumes  per  cent.  (See 
Fig.  22. ) If  momentarily  02  was  increased  to  3 the  animal  would 
breathe  a little  slower  and  the  02  would  be  returned  to  20 %.  Con- 
versely if  Op  were  momentarily  decreased  to  12 % faster  and  deeper 
respiratory  movements  would  return  the  Or.  to  about  20 ‘jo.  (See  Fig. 

23.) 


b.  At  a medium  Q value  a slow  oscillation  in  mean  03  of  a 
frequency  of  about  0.01  Hz  developed.  (See  Fig.  24.)  A further 
increase  in  the  0 value  produced  large  amplitude  Op  oscillation  of 
about  the  same  0.01  Hz  frequency  with  characteristic  Cheyne-Stokes 
breathing.  (See  Fig.  25.) 

c.  No  such  instability  exists  in  our  C02  regulating  chicken 
preparations.  The  difference  may  be  explained  by  the  delay  between 
the  time  of  increased  breathing  movements  and  the  time  the  receptor 
detects  the  effect.  C0S  receptors  are  present  in  the  lungs  and  0-^ 
receptors  are  about  5 seconds  down  the  line  in  arteries  or  the 
brain. 


17.  Cyclic  Instability  as  a Function  of  Feedback  Delay:  Using 

the  standard  closed-loop  preparation,  an  absolute  time  delay  was  added 
to  the  feedback  loop.  We  found  (see  Fig.  26): 

a.  The  system  responded  to  a pulse  disturbance  similar  to  a 
alightly  under-damped  second  order  system. 

b.  Adding  a 2-second  absolute  time  delay  to  the  system  de- 
creases the  apparent  damping  coefficient  of  the  system  slightly. 
Adding  a 4-  or  6-second  delay  produces  more  under-damping. 

c.  An  8-second  delay  produces  an  apparently  undamped  second 
order  system  which  oscillates  without  decrement. 

d.  Adding  further  delay  produces  a system  in  which  the 
oscillation  crescendos  until  saturation. 


8 


e.  The  shape  and  symmetry  of  these  oscillations  may  be  in- 
dicative of  a surpri singly  linear  system. 

f.  Since  the  total  system  is  second  order  and  the  external 
feedback  element  is  first  order,  the  biological  respiratory  con- 
troller is  behaving  as  a linear  first  order  element. 

g.  We  have  worked  out  the  mathematical  approximation  of  how 
a time  delay  effects  the  apparent  damping  coefficient  and  natural 
frequency  of  a second  order  system. 

h.  Measurements  of  the  app-irent  damping  coefficient  from  the 
amplitudes  of  the  oscillations  agree  well  with  theoretical  predic- 
tions. 


18.  Since  our  experiments  suggest  the  avian  respiratory  pacemaker 
involves  a monostable  delay  element  in  the  brain,  we  were  intrigued  by 
the  work  of  Davies  and  Yamamoto  in  which  they  paced  the  respiration  of 
a rat  with  slow  sinusoidal  currents  applied  to  small  areas  in  the  medulla. 
In  R.  P.  Morgan's  investigation  , he: 

a.  Repeated  the  open-looped  pacing  of  Davies. 

b.  Demonstrated  two-to-one  block  (i.e.,  stimulus  rate  double 
the  response  rate). 


c.  Observed  effect  of  light,  non -pacing  sinusoidal  stimulus 
falling  at  different  times  in  the  respiratory  cycle. 

d.  Used  feedback  signal  from  electro-spirometer  to  autostimu- 
late  these  pacing  areas  of  the  rat  medulla. 

e.  He  Liscover<  iddition  of  ielay  to  the  feedback  loop  gen- 
erated a pattern  ramps  ii  the  period  vs.  Ielay  graph  like  those 
of  the  unidirectionally  ventilated  chicken. 

f.  lie  found  there  Was  a systemic  leviation  of  each  ramp  from 
the  predicted  slope.  The  deviation  is  caused  by  a slight  slippage  in 
in  phase  relationship  etween  stimulus  and  response  through  each 
ramp  (i.e.,  the  period  was  a function  of  phase'. 

19.  Open-Loop  Pacing  of  Respiration  with  .ifferent  Shaped  Wave 
Forms  : Sine  wives,  square  waves,  triangular  waves  and  saw  tooth  waves 

were  used.  The  range  of  pacing  wts  the  same  for  each — just  under  two 
oc tabes,  We  looked  for  an  event  in  the  COg  waveform  which  might  be 
triggering  the  next  breath.  Such  an  event  should  happen  a constant  time 
period  before  the  next  breath.  We  had  postulate!  this  event  to  be  the 
time  of  CO  lowering  since  it  has  been  shown  that  a great  volley  of  im- 
pulses pass  up  the  vagus  nerve  with  X)2  lowering.  Put  the  time  between 
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(.'O  ' lowering  and  the  next  inspiration  varied  from  waveform  to  waveform. 
The  time  between  when  CO?  first  starts  up  (after  having  passed  through 
a minimum)  until  the  next  inspiration  remained  oonst»uit  at  about  0. 8 
seconds,  do  it  is  presumably  the  triggering  event.  We  have  plans  of 
further  experiments  with  more  exotic  and  aperiodic  waveforms  to  test 
this  finding. 

20.  Developed  a technique  for  selectively  blocking  a set  of  intro- 
pulmonary  CO?  receptors  (IPCs)  in  the  awake  bird. 

a.  This  technique  involved  adding  a measured  pulse  (approxi- 
mately one  minute  in  duration)  of  sulfur  dioxide,  SOs  to  the  in- 
sufflating air  stream  in  a uni directionally  ventilated  chicken. 

b.  Single  fiber  recordings  of  the  vagal  afferent  fibers  from 
these  IPCs  showed  after  a latency  of  about  30  seconds  the  IPCs 
would  stop  firing  for  5 to  10  minutes  and  then  would  return.  (See 
Fig.  27. ) 

c.  Administration  of  the  SO?  block  of  II  ’s  during  pacing  ex- 
periments showed  pacing  would  break  after  a similar  latency  of 
approximately  30  seconds  (see  Fig.  28)  and  returns  after  5 to  10 
minutes  (see  Fig.  20), 

d.  When  S02  is  given  by  insuflation  it  could  be  acting  at 

two  sites:  1 lirectly  on  I PCs,  or  (2)  systemically  through  the 

blood  to  arterial  or  brain  receptors,  or  both.  The  second  possi- 
bility was  ruled  out  when  the  intravenous  injection  of  the  same  dose 
dOo  did  not  break  pacing.  (See  Fig.  30. ) 

In  Fig.  30,  apparently  the  acidity  of  the  infection  causes  a 
speeding  of  respiratory  rate  and  a loss  of  synchrony  due  to  the 
range  of  pacing  being  raised.  But  when  the  frequency  rate  of  the 
COo  oscillation  is  increased,  synchrony  again  appears. 

e.  Administration  of  SO-  block  of  IPCs  during  closed-loop 
regulation  of  CO  ■ showed  the  regulated  level  rose  from  4$>  to  6$ 
and  fell  back  down  to  47  after  eleven  minutes  (see  Fig.  31)  in 
at  least  one  experiment. 

f.  Administration  of  SO?  block  during  closed-loop  regulation 
at  another  time  showed  decreased  stability  of  CO^  regulation,  a 
periodic  oscillation  of  CO?  level  similar  to  the  oscillation  pro- 
duced by  feedback  delay.  (See  Fig.  32.) 

g.  This  instability  of  the  CO?  regulation  system  after  SO? 
blocked  the  IPCs  was  modeled.  Figure  33  shows  the  three  known 
sets  of  receptors  with  feedback  regulation  of  C0-.  The  artery 
represents  a transmission  line  delay.  Figure  34  expresses  this 
relationship  in  block  diagram  form  and  lumps  the  receptor  in  the 
carotid  body  and  medulla  as  systemic  chemoreeeptors  with  a delay 
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component  (blood  transit  time)  in  the  beedback  loop.  Figure  3b 
shows  the  analog  simulation  of  Fig.  34.  I'd gu re  46  demonstrates 
two  sets  of  parameters  which  give  reasonable  approximations  of  the 
patterns  of  response  to  pulse  changes  seen  in  FJg.  3?. 

h.  Large  doses  of  S0->  produced  a slow  deep  inspiration 
similar  to  the  pattern  caused  by  bilateral  vagatomy.  Compare 
Fig.  37  with  Fig.  38  as  a control. 

21.  One  drawback  with  the  unidi rectionally  ventilated  bird  prepar- 
ation is  that  air  flows  at  a much  faster  rate  and  not  through  the  same 
routes  as  in  normal  ventilation.  Carbon  dioxide  (or  conversely,  fresh 
air)  pulses  into  the  air  stream  tend  to  reach  all  areas  of  the  lung  at 
once  and  not  in  the  sequence  of  normal  breathing.  The  following  prepara 
tion  eliminates  these  objections,  yet  still  shows  that  ventilatory  move- 
ments are  triggered  by  changes  in  C0-.  Figure  39  shows  the  experimental 
setup.  The  bird  breaths  J’. trough  a tracheostomy  from  a gas  stre-ui.  in 
which  the  CO,  concentration  can  be  quickly  changed  from  b>  CO  about 
the  value  of  end  expiratory  C02)  to  O^o  C0?  (fresh  air)  and  then  back. 
This  is  called  a pulse  of  "fresh  air."  Ventilation  is  monitored  by  a 
whole  body  plethysmograph  and  the  time  of  beginning  of  inspiration,  t^, 
used  to  trigger  the  pulse  of  "fresh  air."  Therefore,  when  the  animal 
breathes,  the  first  air  to  reach  his  lungs  is  the  air  from  the  dead 
space  in  his  trachea  (Ca  5%  COp).  This  air  is  followe  ! by  the  b'*  COp 
in  gas  stream  preceding  the  pulse.  Fresh  air  comes  next  and  lastly  b1"* 
C0P. 


a.  Figure  40  shows  how  changing  the  lelay,  , between  inspire 
tion  and  the  pulse  of  fresh  air  effects  respiratory  period. 

As  r is  increased  respiratory  period,  T,  and  the  period  of 
inspiration,  T^ , are  both  increased.  This  dependency  holds  true 
on  a breath-by-breath  basis  when  - is  changed  dynamically.  In 
Fig.  b,  t has  been  varied  in  a sinusoidal  pattern;  T^  and  T follow. 
Note  that  K,  the  time  between  the  rise  in  CO  - and  expiration  be- 
gins, t. , stays  relatively  const-uit.  We  believe  this  shows  a rise 
in  CO  triggers  the  next  expiration. 

b.  To  test  whether  the  event  triggering  expiration  was  the 
down-stroke  or  the  up-stroke  of  the  pulse,  the  width  of  the  pulse 
was  changed.  The  value  of  K stayed  constant  while  the  time  be- 
tween the  down-stroke  of  C0-.  ani  the  beginning  of  expiration  in- 
creased the  same  amount  the  pulse  was  increased.  Therefore,  the 
down-stroke  was  not  triggering  event.  (See  Fig.  4l. ) 
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